N itric oxide (NO) is a free radical with signaling capacity that plays an important role in the cardiovascular, neuronal, and immune systems, among others. NO regulates a number of physiological processes through the activation of two major signaling pathways: The activation of the enzyme guanylyl cyclase to form cGMP and S-nitrosylation, a covalent attachment of an NO moiety to a reactive cysteine residue in peptides and proteins. NO produced by the endothelial isoform of NO synthase (eNOS) regulates blood pressure. NO produced in neurons by the neuronal NOS isoform (nNOS) functions as a neurotransmitter. The constitutively expressed isoforms eNOS and nNOS release low fluxes of NO that are associated with cell protection and proliferation. Inflammatory cytokines and toxins induce the inducible NOS isoform (iNOS) in macrophages. Production of NO under these conditions is much higher compared to its production by constitutive enzymes. [1] Higher NO fluxes such as those produced by iNOS stimulated by inflammatory cytokines in macrophages or generated by millimolar concentrations of NO donors are cytotoxic and promote apoptosis. [2] The constitutive NOS isoforms have been detected in some malignant tumors. Activation of eNOS is involved in the initiation and maintenance of tumor growth in pancreatic cancer cell lines.
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N itric oxide (NO) is a free radical with signaling capacity that plays an important role in the cardiovascular, neuronal, and immune systems, among others. NO regulates a number of physiological processes through the activation of two major signaling pathways: The activation of the enzyme guanylyl cyclase to form cGMP and S-nitrosylation, a covalent attachment of an NO moiety to a reactive cysteine residue in peptides and proteins. NO produced by the endothelial isoform of NO synthase (eNOS) regulates blood pressure. NO produced in neurons by the neuronal NOS isoform (nNOS) functions as a neurotransmitter. The constitutively expressed isoforms eNOS and nNOS release low fluxes of NO that are associated with cell protection and proliferation. Inflammatory cytokines and toxins induce the inducible NOS isoform (iNOS) in macrophages. Production of NO under these conditions is much higher compared to its production by constitutive enzymes. [1] Higher NO fluxes such as those produced by iNOS stimulated by inflammatory cytokines in macrophages or generated by millimolar concentrations of NO donors are cytotoxic and promote apoptosis. [2] The constitutive NOS isoforms have been detected in some malignant tumors. Activation of eNOS is involved in the initiation and maintenance of tumor growth in pancreatic cancer cell lines. [3] Tumor progression in prostate cancer is associated with eNOS expression, while malignant melanoma progression is associated with nNOS expression. [4, 5] The iNOS isoform is ubiquitously distributed in malignant tumors, but its role in tumor development is highly complex and poorly understood. [6] The expression levels of iNOS and associated NO production in the tumor microenvironment may result in pro-or anti-tumor activities. High concentrations of NO produced by iNOS stimulated by inflammatory cytokines in macrophages often result in cytostatic and/or cytotoxic effects in tumor cells. [7] Low concentrations of NO produced by constitutively expressed iNOS in tumor cells may cause tumor progression. [8] The decomposition of specific compounds generally designated as NO donors serves as an alternative source for the generation of NO in physiological conditions. In addition to nitroglycerin (glyceryl trinitrate), the oldest and the most well-known NO donor, 16 different classes of nitrogen-oxygen-bonded compounds have the potential to decompose or be reduced/oxidized with the production of NO and other reactive nitrogen species. Structural differences among different NO donors lead to differences in the kinetics of NO release and reactivity. [9] Clinical trials with glyceryl trinitrate to treat prostate cancer and preclinical trials with NO-donating non-steroidal anti-inflammatory drugs to treat colon cancer suggest that NO donors potentially could function as cancer chemotherapeutic agents. [10, 11] The role of S-nitrosothiols (RSNOs) as cancer chemotherapeutic agents in humans is yet to be explored.
Nitric oxide and cancer: A two-way street
A double-edged role for NO in cell biology has been proposed based on the local concentrations of the radical and on cell type susceptibility. [12] The same concept has been applied to cancer cell biology, with NO displaying pro-and anti-tumor activities. [13] NO-mediated biological effects are determined by its chemico-biological properties. NO is a gaseous free radical with signaling capacity. Living organisms ranging from bacteria to humans produce NO. [14] NO is a relatively stable free radical that neither dimerizes nor easily reacts with reducing or oxidizing compounds in biological systems. It is a selective reagent, which is an essential feature for a biological mediator, and weakly reacts with diamagnetic substances like the majority of organic molecules, but strongly reacts with paramagnetic substances such as transition metals (iron and copper), O 2 . − , O 2 , and nitrogen oxides. [15] The different mechanisms of NO signaling have been classified by Martinez-Ruiz and co-workers [16] as classical, less classical, and non-classical. NO-mediated classical signaling involves nitrosylation of the regulatory ferrous heme of the soluble isoform of the enzyme guanylyl cyclase leading to its activation and increased production of the intracellular second messenger cGMP. High levels of cGMP in vascular smooth muscle cells cause vasodilatation. [17] NO-mediated less classical signaling involves the interaction between NO and mitochondrial cytochrome c oxidase.
Such interactions may be associated with the inhibition of mitochondrial oxidative phosphorylation, control of intrinsic apoptosis, and generation of reactive oxygen species. [16] NO-mediated non-classical signaling involves modifications in tyrosine and cysteine residues of proteins. [16] Nitration of protein tyrosine residues occurs by reaction with peroxynitrite (ONOO − ), a powerful oxidant generated at diffusion rates by the reaction of NO with O 2 . − [18] and by NO 2 generated by neutrophil myeloperoxidase catalysis. [19] Both oxidants nitrate tyrosine at position 3 of the phenolic ring, generating 3-nitrotyrosine. [20] Tyrosine nitration may interfere directly or indirectly with tyrosine phosphorylation/dephosphorylation signaling pathways. NO derived from iNOS stimulation mediated tyrosine nitration of the epidermal growth factor receptor (EGFR), which caused a decrease in tyrosine phosphorylation levels and prevented neural stem cell proliferation. [21] Cooperation or competition between tyrosine nitration and tyrosine phosphorylation has previously been discussed. [22] S-glutathionylation refers to the incorporation of a GSH thiol group into a protein and the formation of a mixed disulfide bridge between a cysteine residue and the GSH thiol. It can be induced by ONOO − or formed after the reaction between a thiol and a nitrosothiol. S-glutathionylation has been classified as a non-classical NO-mediated signaling mechanism, but S-glutathionylation can be produced without the participation of NO. [16] The reaction of NO with O 2 (NO autoxidation) leads to the formation of N 2 O 3 . The same product is obtained after the reaction between NO and NO 2 . Lipophilic compartments like the cell membrane will concentrate NO and O 2 , two non-polar species, and facilitate the reaction between them, although these reactions are relatively slow. [23] In aqueous systems, N 2 O 3 in the presence of a nucleophile such as thiolate or an amine group will form a hybrid of covalent and ionic resonance structures NO + -NO 2 -. Nitrosation reactions between NO + and the thiolate or between NO + and the amine form RSNO and nitrosamines, respectively. [23] Although RSNOs are broadly classified as NO donors, their actions can also be exerted through trans-nitrosylation, without release of NO. [9] Trans-nitrosylation is the exchange between a thiol group and a nitrosothiol group. Exchange may occur between a low-molecular-weight RSNO and a thiol group belonging to a peptide or protein without release of NO. Nitrosylating species of biological relevance, such as S-nitrosoglutathione (GSNO) and S-nitrosocysteine, can nitrosylate/trans-nitrosylate a number of signaling proteins. [24] Protein S-nitrosylation (S-nitrosation) is defined as the addition of a nitroso group moiety to a thiol group of a cysteine residue in peptides or proteins. Protein S-nitrosylation has been considered a mechanism for signal transduction by NO and RSNOs, [1] and is not exclusively dependent on enzymatic activities as in the case with other post-translational modifications (PTM) such as phosphorylation. The nitrosylating agent's efficiency and the intracellular redox environment regulated by the redox couples oxidized glutathione/reduced glutathione (GSSG/2GSH) and oxidized thioredoxin/reduced thioredoxin (TrxSS/Trx) determine S-nitrosylation. [25] Specificity of S-nitrosylation can be associated with the accumulation of high concentrations of nitrosylating species in the vicinity of specific cysteine residues in subcellular compartments. [26] Another major aspect associated with the specificity of protein S-nitrosylation is related to the reactivity of certain cysteine residues located in determined nitrosylation motifs. Stamler and co-workers proposed that specific nitrosylation of cysteine residues occurs when flanked by acidic and basic residues within the protein primary sequence. [27] This acid-base motif could explain reaction specificity by the stabilization of a thiolate as a more reactive form of the cysteine residue. The nitrosylation motifs have been defined as three-dimensional structures surrounding the cysteine residue. [24] In these three-dimensional structures, the acid-base motif is located distantly to the cysteine residue and its charged groups are exposed. Exposure of the charged groups of the acid-base motif will facilitate trans-nitrosylation through protein-protein interactions.
Cross-talk by NO-mediated signaling events is associated with phosphorylation/dephosphorylation. [28] [29] [30] [31] The major focus of this review is on the role of protein S-nitrosylation and its interactions with protein phosphorylation in oncogenic and anti-oncogenic signaling pathways. Discussion of oncogenic signaling associated with the other modes of NO signaling can be found elsewhere. [32] [33] [34] At least 1000 proteins modified by S-nitrosylation have been identified in mammalian cells. [35] Physiological nitrosylation of signaling proteins is directly related to the proliferation of normal and cancer cells. [28] [29] [30] Cancer is a major worldwide health problem, displaying high incidence rates in developed as well as developing countries. Epidemiological studies performed in 2012 revealed that 32.6 million people in the world were diagnosed with cancer. Within this population, 57% of the new cases, 65% of deaths, and 48% of the total diagnosed population were found in developing countries [WHO -International Agency for Research on Cancer (IARC), 2014]. Cancer is defined as a multifactorial process characterized by deregulation of tissue growth resulting from mutations of genes that regulate cell differentiation and proliferation. [36] Malignant transformation may occur through the expression of new oncogenes, over-expression and deregulated activation of proto-oncogenes, or by the inactivation of tumor suppressor genes. Cell transformation follows the cumulative change in the expression levels of these genes. [37] NO induces some genetic changes and a direct relationship is observed between the intracellular generation of NO and tumor formation and progression. [13, 38] NO is not restricted to pro-tumor effects, since NO can also promote anti-tumor actions. [2, 39, 40] Nitrosative stress conditions resulting from an activated immune response or exposure to high concentrations of nitrosylating agents lead to cancer cell death. [7, 39] Therefore, concentrations of NO, time of exposure, and cell sensitivity to the radical determine the NO-mediated course of action in tumor cells. [13, 41] Low to intermediate concentrations of NO/ RSNO stimulate oncogenic signaling pathways
The signaling pathway: NO-EGFR-Src-FAK
Over-expression of the oncoproteins Src and FAK cytoplasmic tyrosine kinases and EGFR receptor tyrosine kinase was associated with colon, pancreatic, and breast cancer development. [37] Expression of NOS isoforms was observed in these carcinomas, suggesting an important interaction between NO and the oncoproteins in the signaling pathways associated with tumor progression.
NO-stimulated tyrosine phosphorylation occurred in a set of proteins identified as part of the EGFR signaling pathway. [42] The cytoplasmic protein tyrosine kinases FAK and Src, and the ERK1/2 MAP kinases had their phosphorylation levels increased in murine fibroblasts exposed to the NO donors, sodium nitroprusside (SNP) and S-nitroso-N-acetylpenicillamine (SNAP). [43] These observations were corroborated by experiments in breast cancer cells incubated with the NO donor (z)-1-[2-(2-aminoethyl)-N-(2-ammonio-ethyl) amino] diazen-1-ium-1,2-diolate (DETA/NO) which showed that s-nitrosylation and tyrosine phosphorylation of EGFR and Src kinase activated oncogenic signaling pathways that included c-Myc, Akt, b-catenin, and the loss of PP2A tumor suppressor activity. [28] Tyrosine phosphorylation and S-nitrosylation of b-catenin is related to tumor progression. Activation of Src in endothelial cells phosphorylated b-catenin on Tyr654, while eNOS-derived NO nitrosylated b-catenin on Cys619, leading to dissociation of b-catenin from its partner VE-cadherin in adheren junctions. Disassembled adheren junctions are associated with increased permeability in endothelial cells and loss of cell-to-cell contacts in transformed cells. [44, 45] Integrated proliferative and adhesive signals are important for enhanced survival of cancer cells. [46] Activation of Src kinase involved conformational changes that allow the protein to interact and associate with FAK. [46] FAK integrated the EGFR and other growth factor receptor-mediated signals with signals from integrin-mediated adhesion processes. NO-mediated association between Src and FAK was detected in murine fibroblasts exposed to increasing concentrations of SNP. [31] In addition to Src and FAK, the other focal adhesion proteins, p130Cas and protein tyrosine phosphatase a (PTPa), are important for survival signaling in cancer cells. [47] Expression of PTPa in murine embryo fibroblasts (MEF) was related to low expression levels of iNOS, low levels of intracellular NO, and a reducing intracellular redox environment. [31] In PTPa-null MEFs, there were high expression levels of iNOS, high levels of intracellular NO, and an oxidizing intracellular redox environment. NO/ RSNO-mediated signaling pathways involving the participation of Src, FAK, p130Cas, and PTPa in MEF were dependent on PTPa expression levels. [31] Malignancy levels in different tumor cells could be related to these findings. In the A431 human epithelial carcinoma cells, the absence of PTPa was accompanied by high expression levels of Src and the EGFR, high intracellular NO levels, and high malignancy. [47, 48] Human estrogen-responsive breast cancer cells positive for PTPa, had low intracellular NO levels and low proliferative and metastatic rates. [49, 50] b-estradiol induced eNOS expression and NO production in MCF-7-PTPa null breast cancer cells. NO derived from b-estradiol stimulation of MCF-7 cells activated Src through Cys498 S-nitrosylation and phosphorylation of Tyr416. NO-mediated activation of Src in these cells was related to enhancement of cell invasion and metastasis. [51] Although PTPa expression was correlated with low malignancy and absence of its expression was correlated with high levels of malignancy in estrogen non-responsive breast cancer cells, ablation of PTPa expression was associated with tumor regression. [52] Despite the expression levels of PTPa, the determining signaling events in NO-mediated tumor progression depend on S-nitrosylation and tyrosine phosphorylation of Src kinase, which is associated with the regulation of other focal adhesion proteins.
The signaling pathway: NO-Ras-EGFR-ERK1/2 MAP kinases
The Ras family of small GTPases, comprising the isoforms K-Ras, N-Ras, and H-Ras, act as a molecular switch in signaling pathways, switching from an inactive GDP-associated form to an active GTP-associated form. Conformational changes at the nucleotide-binding pocket of Ras take place when nucleotide exchange is operative. No covalent modifications arise from the GDP-GTP exchange. Covalent PTM modifications of Ras proteins determine its location in various intracellular compartments, and in some cases, the modifications promote GDP-GTP exchange. [53] Ras farnesylation is a constitutive and irreversible Ras PTM, whereas reversible palmitoylation is essential for the trafficking of Ras isoforms from endomembranes to the plasma membrane. [54, 55] Conditional PTMs of Ras include phosphorylation, ubiquitylation, glucosylation, and S-nitrosylation. [53] S-nitrosylation of Cys118, a conserved cysteine residue that is part of the NKCD sequence located at the guanine nucleotide binding pocket, is essential for NO/RSNO-mediated activation of Ras. [56, 57] Ras isoforms are mutated to encode constitutively active, GTP-bound oncoproteins in approximately 25% of all human cancers. [37] In addition, a signaling pathway operative in normal as well as in cancer cells involves growth factor receptor tyrosine kinases, Ras, downstream protein kinases (e.g. Raf, MEK, and ERK1/2 MAP kinases), and transcription factors (e.g. Elk-1). [37] Ras S-nitrosylation in rabbit aortic endothelial cells is transduced into a downstream cascade of phosphorylation events associated with the Raf/MEK/ERK1/2 MAP kinases signaling pathway. [58] In these cells, NO/RSNO-mediated activation of Ras is connected to the EGFR-initiated signaling. ERK1/2 MAP kinases activated through the Ras signaling cascade triggered by low concentrations of SNAP promote the trans-activation of the EGFR. [59] Human umbilical vein endothelial cells stimulated with bradykinin (BK) caused stimulation of eNOS to produce NO, which then activated the Ras signaling pathway, leading to an ERK1/2 MAP kinases-dependent phosphorylation of a consensus sequence containing a Thr residue, followed by a Pro residue in the cytoplasmic domain of the EGFR. BK-stimulated tyrosine phosphorylation and cysteine S-nitrosylation of the EGFR with both PTMs conferred stability to the EGFR and allowed sustained signaling. [30] Activation of the Ras-ERK1/2 signaling axis by RSNO/NO was strongly inhibited in different cell types stably over-expressing Ras C118S , a non-nitrosatable form of Ras. [30, 58, 60] Our early findings indicated that the Ras-ERK1/2 MAP kinases signaling axis in rabbit aortic endothelial cells was activated upon S-nitrosylation of Ras induced by low concentrations of RSNO/NO. Downstream to Ras, the ERK1/2 MAP kinases were phosphorylated and migrated to the nucleus, stimulating phosphorylation of Elk1. [58] ERK-mediated transcriptional events influenced cell cycle elements, for example, induction of cyclin D1 expression levels. [61, 62] Enhanced synthesis of cyclin D1 and stimulation of the cyclin-dependent kinases CDK4 and CDK6 promoted phosphorylation of the nuclear oncoprotein Rb and its dissociation from the E2F family of transcription factors. Induction of cyclin E and A expression led to cell cycle progression. These findings indicate that low concentrations of RSNO/NO S-nitrosylate Ras, leading to activation of the downstream signaling cascade Raf/MEK/ ERK1/2 MAP kinases followed by cell cycle progression and proliferation. [58] Activation of the Ras signaling pathway by low concentrations of GSNO in HeLa human cervical cancer cells led to cell proliferation. [29] GSNO-stimulated activation of Ras and proliferation was not observed in HeLa cells over-expressing Ras
C118S
. GSNO initially mediated activation of Ras at the plasma membrane; in a later stage, activation of Ras at the Golgi apparatus was observed. Inhibition of Src kinase prevented GSNO-mediated Ras activation at the Golgi and cell proliferation. [29] The importance of S-nitrosylation of Ras C118 in mouse models of cancer development was illustrated by knocking down the expression of eNOS or over-expressing Ras C118S , which decreased the levels of S-nitrosylated and active Ras as well as xenograft tumor growth in pancreatic cancer cell lines [3] and with a K-Ras point mutation at Cys118 that showed decreased tumorigenesis. [63] Intermediate concentrations of the RSNO, SNAP, stimulated a Ras-dependent survival signaling pathway in HeLa cells with the participation of Trx. [64] Trx migrates to the nuclear compartment in cells exposed to SNAP. This was associated with Akt phosphorylation and cell survival. [65] In HeLa cells over-expressing Ras C118S , Trx nuclear migration was partially prevented. Inhibition of Ras with the selective farnesyl transferase inhibitor FPTIII prevented Trx nuclear migration and promoted cell death. Downstream to Ras, the ERK1/2 MAP kinases were phosphorylated and activated concomitantly with Trx nuclear migration induced by SNAP. [64] Treatment of HeLa cells with GSNO resulted in activation of caspase-3 and cell death. Over-expression of Trx is frequently found in malignant tumors with a poor prognosis. [66] In HeLa cells with over-expressed Trx, activation of caspase-3 was prevented and cell viability was enhanced after treatment with GSNO. [67] SNAP-mediated activation and migration of the ERK1/2 MAP kinases down-regulated the expression levels of the physiological inhibitor of Trx, Trx interacting protein (Txnip). Changes in Trx cellular compartmentalization under nitrosative stress conditions were dependent on the expression levels of Txnip, which are regulated by activation and cellular compartmentalization of the ERK1/2 MAP kinases. [65] Down-regulation of Txnip expression in A549 lung cancer cells was associated with the epithelial-mesenchymal transition. [68] Therefore, a survival-signaling pathway activated by nitrosative stress conditions negatively regulates Txnip expression levels and permits Trx nuclear migration and stimulation of cell survival. Trx nuclear migration in cancer cells is associated with increased cell survival, tumor development, and metastasis. [69] A general scheme illustrating the NO/RSNO-stimulated proliferative and survival signaling pathways operative in tumor cells is shown in Figure 1 .
High concentrations of NO/RSNO stimulate anti-oncogenic signaling pathways
A "double-edged sword" character in cell biology has been attributed to NO. [9] This character was later extended to cancer cells as the role of NO as a mediator of the cancer phenotype became apparent. [13] Tumoricidal effects have been consistently associated with intracellular nitrosative stress conditions. Intracellular nitrosative stress conditions resulted from the combination of high NO concentrations with other reactive nitrogen species including ONOO − . [70] Inhibition of Akt leading to compromised cell survival has been associated with high concentrations of NO/ONOO − . [71] Pro-inflammatory cytokines such as interferon-g and tumor necrosis factor (TNF)-a stimulated iNOS in macrophages to produce high concentrations of NO and of ONOO − , promoting tumor cell death. [7, 70] Sustained overproduction of NO is a pro-apoptotic modulator, activating caspases through the release of cytochrome c from mitochondria into the cytosol, up-regulation of p53, and down-regulation of the anti-apoptotic protein Bcl-2. [72] NO-derived tumoricidal action can occur by exposing different cancer cell types to high concentrations of exogenous NO donors. [2, 11, 72] MDA-MB-231 breast cancer cells and DU145 prostate cancer cells exposed to millimolar concentrations of DETA/NO underwent apoptosis. [73, 74] Apoptosis was related to DETA/NO-induced S-nitrosylation of p53 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in both tumor cell lines. [75, 76] These findings illustrate the importance of S-nitrosylation in signaling pathways associated with the induction of apoptosis in cancer cells.
The anti-adhesive properties of NO demonstrated in the inhibition of platelet aggregation [77] were related to its action on the proteins belonging to the focal adhesion complex resulting in cell death. [78] The anti-adhesive properties of NO include inhibition of cell adhesion and disruption of the interaction between the cell and the extracellular matrix. Its anti-adhesive properties place NO as a potential cause of cell death induced by detachment from a growth permissive surface ("anoikis"). [78] Cell detachment and induction of a caspase-8/caspase-3 apoptotic signaling pathway was observed in A431 human vulvar cancer cells that express negligible levels of the phosphatase PTPa, after treatment with SNP. Exposure of A431 cells over-expressing PTPa to SNP decreased the activation of caspase-8 and caspase-3 and induced cell death predominantly by necrosis. [39] Different concentrations of the RSNOs lead to different outcomes derived from upstream S-nitrosylation of Ras. [30, 58, 60] This is supported by findings on the induction of the apoptotic process in human acute monocytic leukemia cells (THP-1) through the activation of the Ras-ERK1/2 MAP kinases pathway by high/supra-physiological concentrations of GSNO. GSNO-mediated S-nitrosylation of Ras was followed by stimulation of phosphorylation of the ERK1/2 MAP kinases and up-regulation of the cell cycle inhibitor p21
Waf . [60] Up-regulation of p21 Waf levels leads to the trans-activation of p53 which promotes cell cycle arrest at the G1-S phase transition, ultimately leading to apoptotic cell death. [79] Therefore, the Ras-ERK1/2 MAP kinases pathway may function as a sensor of the intracellular levels of RSNO/NO, signaling to cell proliferation or to cell death, according to these levels.
A general scheme illustrating the NO/RSNO-stimulated anti-proliferative/pro-apoptotic signaling pathways in tumor cells is shown in Figure 2 .
Potential role of NO donating compounds as tumoricidal agents
The chemical diversity of NO donors shows promise as chemotherapeutic agents. NO donors have varying half-lives that extend from seconds to days. They potentially have the capacity to stimulate apoptosis of tumor cells, inhibit metastasis, and inhibit angiogenesis. Classes of NO donors used in cancer include: Organic nitrates (glyceryl trinitrate), NONOates (DETA/NO), hybrid NO-drugs (NO-aspirin), metal-NO complexes (SNP), and RSNOs (GSNO). [72] Metal-NO complexes and RSNOs may exert their potential anti-tumor activities through S-nitrosylation of intracellular proteins. In the most studied metal-NO complex, SNP, the nitrosyl moiety in the nitroprusside anion exhibits NO + character and is very reactive against thiolate anions. Upon addition of SNP to tissues, there is formation of nitrosyl-iron complexes with thiols, dinitrosyl-iron complexes, and RSNOs. [80] RSNOs are decomposed by transition metal ions, Cu + and Fe
2+
, and by ascorbate, through homolytic and heterolytic cleavage of the S-NO bond generating NO. In the presence of a thiol, RSNOs will react and form new RSNOs by the trans-nitrosation reaction. The newly formed RSNOs might be more reactive for structural reasons. [81] The indiscriminate and cytotoxic systemic effects exerted in vivo by most of the NO donors have limited their use. Selective cytotoxicity in tumor cells and reduced cytotoxicity in normal cells are desirable properties for a putative chemotherapeutic NO donor.
Because of their unique characteristics related to tissue selectivity, RSNOs may prove useful in a therapeutic setting. [82] A series of RSNOs derived from N-acetylpenicillamine and referred to as S-nitroso-aryl-butanamides were synthesized and characterized. [83] The ortho-and meta-chloro derivatives of the S-nitroso-aryl-butanamides had a potent cytotoxic effect on MCF-7 human breast cancer cells, while human fibroblasts from normal mammary tissue maintained viability. [82] These selective cytotoxic effects of the chloro-derivatives of S-nitroso-aryl-butanamides to MCF-7 human breast cancer cells are encouraging and suggest that the chloro-derivatives of the S-nitroso-aryl-butanamides may potentially have a chemotherapeutic effect in the treatment of human breast cancer.
Conclusion
Acting as a "double-edged sword" in tumor biology, NO plays an essential role either as an inducer of tumor progression or an inhibitor of tumor proliferation, angiogenesis, and metastasis. Cancer cells express different isoforms of NOS and generate increased levels of NO as compared to normal cells. Endogenously generated NO in tumor cells or exogenously given NO will modify the signaling proteins according to their concentrations. The oncoproteins EGFR and Src kinase can be S-nitrosylated and phosphorylated on tyrosine by low concentrations of NO/RSNO in tumor cells. Under the same conditions, GDP-GTP exchange on Ras was triggered by S-nitrosylation, resulting in cell proliferation. High non-physiological concentrations of NO/RSNO will promote apoptosis. The use of RSNO as cancer chemotherapeutic agents is promising. RSNOs are relatively selective in their interactions with cancer cells and promote intracellular nitrosative stress and cell death. Precise measurement of NO levels associated with the knowledge of the interactions of NO with signaling proteins in tumor cells may foster new developments in NO-based cancer chemotherapy.
